Abstract-The dynamic performance of a novel variable-speed ground-coupled liquid desiccant air-conditioner (VSGCLDAC) was analysed and compared with that of a conventional constant-speed ground-coupled heat pump (GCHP) in to the subtropical climate of Hong Kong. It was found that both the borehole length and the total energy consumption were reduced substantially. For the case of a multi-storey building, the VSGCLDAC could generally serve one more floor as compared to the GCHP system. Together with the enhancement of the indoor air quality, the VSGCLDAC was demonstrated to be a good choice for use in a low-rise building.
I. INTRODUCTION
Ground-coupled heat pump (GCHP) systems have gained wide acceptance in providing air-conditioning in Europe and USA [1] in which the applications in Europe are mainly heating-dominated. Recently, China has become one of the regions enjoying a rapid growth in the demand for such systems [2] . Usually, a vertical borehole ground heat exchanger borefield (GHE) is employed to exchange heat with the surrounding. With a more favourable temperature and thermal properties of the ground as compared to the ambient air, the energy efficiency of the GCHP systems is better than that of the corresponding air-cooled equipment. Fig. 1 shows the general arrangement of a vertical ground heat exchanger borefield. When GCHP systems are applied to a subtropical region like Hong Kong in which the annual air-conditioning load is cooling-dominated, excess heat is injected into the ground. This results in a gradual increase in the ground temperature which impairs the energy efficiency of the systems. To improve the situation, longer boreholes need to be installed. However, this will result in an increase in the initial cost and reduce the economic feasibility of the GCHP systems.
One way of solving the problem is to employ a hybrid design in which a partner system is used to share the condenser heat load with the GHE when the GCHP operates in the cooling-mode operation in summer. The is commonly used as the partner system. A number of studies had been made in the design and analysis of this kind of hybrid system [3] - [7] . The main advantage of using cooling towers as the partner system is that they are cost effective. However, the use of fresh water cooling towers can increase the risk of Legionnaires' disease. Indeed, fresh water can be a scarce resource in some places. Sea water cooling towers are only applicable to the coastal regions. Consequently, other kinds of partner systems need to be explored. One alternative is to employ a cooling pond as the supplemental heat rejecter [8] , [9] . Another way is to operate a GCHP system coupled with a liquid desiccant dehumidifier [10] . Lee and Lam [11] previously proposed a ground-coupled liquid desiccant air-conditioner (GCLDAC) in which a liquid desiccant cycle was integrated into a conventional GCHP so that part of the condenser heat could be used to regenerate the liquid desiccant. In order to reduce the borehole length, enhancement of the energy efficiency of the GCHP systems can be considered. One simple way is to control the compressor speed in order to modulate the capacity of the GCHP systems during the part-load operation. Various studies [12] - [16] had been made on the analysis of a variable-speed ground-coupled heat pump (VSGCHP) which helped indentify the range of operations in which energy-savings could be achieved. Meanwhile, Lee [17] investigated the dynamic performance of a VSGCHP system when applied to an office in three cities with different climates. It was concluded that both the energy consumption and the borehole length could be reduced which highlighted the benefit of using a VSGCHP system over the conventional GCHP system.
In Hong Kong, most of the buildings are multi-storey, and [11] . The dynamic performance of the new variable-speed ground-coupled liquid desiccant air-conditioner (VSGCLDAC) is analysed in this study on a multi-storey office building in Hong Kong. A comparison of the operating range is also made with that based on the conventional constant-speed GCHP system with various GHE configurations. Fig. 2 shows the discretisation schemes adopted for the GHE as proposed by Lee and Lam [18] . A three-dimensional finite difference method was employed to calculate the ground temperature variation around the boreholes. The use of a rectangular coordinate system allows the entire GHE to be discretised in a single scheme so that the temperature variation in the entire GHE can be determined simultaneously. Each borehole is then represented by a square column with the square section circumscribed by the borehole radius. The fluid temperature variation inside each borehole is determined by dividing each borehole into various segments. An iterative approach is then used to calculate all the fluid temperatures and the borehole load profiles simultaneously based on the prescribed borehole temperatures. The borehole load profiles thus determined are used to compute the ground temperatures. The process is repeated until convergence is achieved. Fig. 3 shows the schematic diagram of a modified GCLADC under cooling-mode operation. Compared to the one adopted by Lee and Lam [11] , two improvements have been made. The first is that the drier return air is employed in regenerating the liquid desiccant rather than the humid fresh air. The second is that all the hot refrigerant gas leaving the compressor passes the desiccant heater first before entering the ground-coupled coil. Meanwhile, all the cold saturated refrigerant mixture leaving the expansion valve goes into the supply air coil first before entering the desiccant cooler.
II. MATHEMATICAL FORMULATIONS

A. Ground Heat Exchanger Borefield
B. Ground-Coupled Liquid Desiccant Air-Conditioner
These design arrangements allow the temperature effect of the refrigerant to be fully optimised. The liquid desiccant cycle does not operate in the heating-mode operation. The modelling of the GCLDAC follows the one adopted by Lee and Lam [11] except for the refrigerant compressor on account of speed control considerations. Here, the parametric model detailed by Lee [17] for the compressor is used.
III. METHODOLOGY OF ANALYSIS
The same building zone of size 10 m (W) x 10 m (D) x 4 m (H) and design conditions as adopted by Lee [17] are employed in this study. The TRNSYS [19] simulation software is used to perform the year-round dynamic system simulations. In this study, new TRNSYS components are developed for the GHE and the VSGCLDAC. Both cooling and heating are provided by the VSGCLDAC. The weather data derived by Chan et al. [20] for Hong Kong is employed. To avoid the use of very deep boreholes, a 2x2 borefield is considered rather than a single borehole as adopted by Lee [17] , but a double U-tube is still employed in this study. The required borehole lengths for a single floor based on both the VSGCLDAC and the constant-speed GCHP systems are compared under different values of the ground thermal conductivities when applied to a single floor. Finally, the operating ranges of both systems are analysed for application to a multi-storey building. 
IV. RESULTS AND DISCUSSIONS
A. Fixing of Design Parameters for the VSGCLDAC
To allow a fair comparison between the VSGCLDAC and the GCHP systems, the same compressor model, refrigerant mass, degree of superheat at compressor suction, supply air volume flow rate and borefield fluid mass flow rate were applied to both systems. The sum of the overall heat transfer value as well as the refrigerant volume of the desiccant cooler and the supply air coil were taken to be the same as those used for the evaporator of the GCHP. The same principle was applied to the desiccant heater and the ground-coupled coil. The same design was applied to both the dehumidifier tower and the regenerator tower. The corresponding parameter values for the GCHP could be obtained by referring to Lee [17] . Based on the parameter values listed in Table II , the performance of the VSGCLDAC under design conditions and full compressor speed was given in Table III . It could be found that the borefield load in the cooling-mode operation was reduced by 17.77% when compared with a GCHP of the same capacity and coefficient of performance (COP). This highlighted the benefit of the proposed system in relieving the annual borefield load unbalance. Indeed, this value was higher than those indicated in Lee and Lam [11] which was based on the previous design for the GCLDAC. This indicated that the modifications applied to the present design were effective. The design COP and capacity of the unit during the heating-mode operation was slightly lower than that in the cooling-mode operation. This was not surprising as only the supply air coil and the ground-coupled coil were used to provide heating. On the other hand, the desiccant cooler and heater were also employed to provide cooling. With smaller coil areas for heat transfer, the resulting COP and capacity in the heating-mode operation thus became lower. The overall effect on the year-round performance of the system depended on the run fraction of the unit in heating-mode operation. For an office building in a subtropical city like Hong Kong, this adverse effect could be expected to be small. 
B. Year-Round Performance of the VSGCLDAC System for a SINGLE-FLOOR Building Zone
To perform the dynamic system simulation, the configuration of the GHE had to be specified. Based on the size of the building footprint, a borehole separation of 5 m was adopted for the 2×2 borefield. The remaining parameter to set was the length of each borehole. Here, the borehole length was selected based on a peak fluid leaving temperature of around 29 o C after one year. Table IV compared the performances of the constant-speed GCHP and the VSGCLDAC systems with different values of the ground thermal conductivities for application to a single-floor building zone. The use of the VSGCLDAC resulted in a reduction in the borehole length which ranged from 24.7% to 25.6%. The percentage saving was higher for a lower ground thermal conductivity. This amount was substantial which helped improve the operating range of the system for application to a multi-storey building. The year-round system energy demand was reduced by around 20% with the use of the VSGCLDAC system. This showed that both initial and running cost could be reduced by employing of the proposed system. The year-round surplus heat injected to the ground dropped by around 22% which could help relieve the ground temperature buildup in the subsequent years of operation.
C. Application of the VSGDLDAC System to a Multi-Storey Building
When the VSGCLDAC system was applied to a multi-storey building, it was assumed that the activity and loading pattern in each floor were the same. Hence, only one zone model was needed to represent the dynamic response for each floor. With more floors to serve, the total GHE fluid mass flow rate and the borehole length would increase. In view of the specified internal diameter of the U-tubes, the maximum mass flow rate allowed for each borehole is roughly 0.8 kg/s. This meant that for a 2×2 borefield, only four floors at most could be served by the VSGCLDAC system. However, it was also limited by the maximum borehole length allowed. The determination of the maximum permissible depth for each borehole was generally an economic consideration which varied with the location of location. Indeed, the use of boreholes of up to 350 m had been reported [21] . In this study, a value of 200 m was selected. To further explore the capacity limit of the GHE, a 3×3 borefield with a borehole separation of 3.5 m was also considered. To avoid too low a fluid flow inside the U-tubes, the minimum number of applied floors was three for a 3×3 borefield. Fig. 4 depicted the variation of the borehole depth with the number of floors served for the two systems investigated. Here, the ground thermal conductivity was taken as 3.5 W/m K. For the constant-speed GCHP system, a maximum of four floors could be served by using a 3×3 borefield. For the VSGCLDAC system, a maximum of five floors could be applied. The improvement in the operating range was not significant. The main reason was that the relief in the borefield load unbalance was not large enough even with the use of the VSGCLDAC system. The climatic condition was the major limitation. In the present analysis, the running time for heating accounted for less than 1% of the total operating hours of the system. It was therefore very difficult to shift the annual borefield load to a close-to-balance state. Nevertheless, it was still feasible to apply the VSGCLDAC system to premises with several storeys high like shopping malls and clinics. Indeed, the treating of the fresh air by the liquid desiccant enhanced the indoor air quality which could be an important consideration in specific applications.
V. CONCLUSION
In this study, a novel variable-speed ground-coupled liquid desiccant air-conditioner (VSGCLDAC) was proposed. The new system helped reduce the required borehole length by employing a desiccant cycle to share part of the condenser heat in summer. Moreover, the use of speed control to modulate the system capacity enhanced the energy efficiency of the system and decreased the loading to the ground heat exchanger borefield. The benefit of the new system over the conventional constant-speed ground-coupled heat pump (GCHP) system was assessed for application to the subtropical city of Hong Kong by performing year-round dynamic system simulations. Over a range of ground thermal conductivities considered, it was found that around 25% and 20% savings on the borehole length and the total energy consumption could be achieved for a single-floor building zone with the use of a 2×2 borefield respectively. The operating range improved mildly with the use of the new system when applied to a multi-storey office building. In general, one more floor could be served as compared to the cases when the conventional GCHP system was employed. Nevertheless, the proposed VSGCLDAC system was still a good choice for application to low-rise premises like shopping malls and clinics in the subtropical regions, particularly in view of the fact that the treating of the fresh air with the liquid desiccant could enhance the indoor air quality.
